Phenotypically, Photobacterium damselae subsp. piscicida and P. damselae subsp. damselae are easily distinguished. However, their 16S rRNA gene sequences are identical, and attempts to discriminate these two subspecies by molecular tools are hampered by their high level of DNA-DNA similarity. The 16S-23S rRNA internal transcribed spacers (ITS) were sequenced in two strains of Photobacterium damselae subsp. piscicida and two strains of P. damselae subsp. damselae to determine the level of molecular diversity in this DNA region. A total of 17 different ITS variants, ranging from 803 to 296 bp were found, some of which were subspecies or strain specific. The largest ITS contained four tRNA genes (tDNAs) coding for tRNA Glu(UUC) , tRNA Lys(UUU)
In bacteria, 16S and 23S rRNA genes are separated by a spacer region, which is transcribed together with the ribosomal genes and thus is named an internal transcribed spacer(s) (ITS). These genomic regions show a high degree of variability between species, both in their base length and in their sequence (11) . The fact that most bacterial species harbor multiple copies (alleles) of the ribosomal operon in their genome increases the possibility that a substantial amount of sequence variation exists in these spacer regions, even among strains of the same species. This diversity represents a powerful tool for the design of specific oligonucleotides for PCR-based detection protocols (17, 19, 33, 35) or to discriminate species on the basis of the band patterns obtained by PCR amplification of the spacer regions (7, 15) .
The length of the ITS regions located between 16S and 23S rRNA genes show a wide variation both among species (from 60 pb in Thermoproteus tenax to 1,529 pb in Bartonella elizabethae) and among different copies of the ribosomal operon within a chromosome (303 to 551 bp in Staphylococcus aureus and 478 to 723 in Haemophilus influenzae). These length variations in ITS region are due, mainly, to the type and number of tRNA genes interspersed. Most gram-negative bacteria contain tRNA Ala and tRNA Ile genes, whereas some contain only tRNA Glu . Nevertheless, new combinations of tRNA genes have been described recently in Vibrio species (5, 19, 22) .
Pasteurellosis or pseudotuberculosis is one of the most important fish diseases in marine aquaculture, causing substantial economic losses in marine fish cultures worldwide (23) . The causative agent, formerly Pasteurella piscicida, has been reclassified as Photobacterium damselae subsp. piscicida (9) , thus sharing species level status with Photobacterium damselae subsp. damselae (formerly Vibrio damsela). P. damselae subsp. damselae is a halophilic bacterium that has been reported to cause wound infections and fatal disease in a variety of marine animals and also in humans (4, 6, 24) . These two subspecies differ in biochemical and physiological traits such as motility, gas production from glucose, nitrate reduction, urease, lipase, amylase and hemolysin production, and range of temperature and salinity for growth, as well as host specificity (8, 23) . Actually, an extensive study of morphological and biochemical traits suggested that P. damselae subsp. piscicida and subsp. damselae should not be included within the same species (34) . However, the two subspecies of P. damselae show a high degree of overall DNA base sequence similarity, as revealed by chromosomal DNA-DNA pairing (9) . Similarly, the two subspecies are reported to possess identical 16S rRNA gene sequences (26) .
In the present study the nucleotide sequences of ITS of strains belonging to the two subspecies of P. damselae were analyzed. Comparison of these ITS has allowed the determi-nation of variability in the number and size of sequence blocks and variation in the number of rrn operons in P. damselae strains. New tRNA gene combinations not previously known in bacterial ITS regions are also reported.
MATERIALS AND METHODS
Bacterial strains and plasmids. P. damselae subsp. damselae strains (RG91, from Scophthalmus maximus, Spain; ATCC 33539, from Chromis punctipinnis, United States) and subsp. piscicida strains (DI21, from Sparus aurata, Spain; ATCC 29690, from Seriola quinqueradiata, Japan) were grown aerobically on Trypticase soy agar plates at 25°C. Escherichia coli DH5-␣ was grown at 37°C in Trypticase soy agar. Plasmids pCRTOPO (Invitrogen) and pUC118 (36) were used for cloning.
DNA extraction, primer design, and PCR amplification of ITS. Genomic DNA was extracted as described elsewhere (26) . Plasmid DNA was purified according to standard procedures (32) , as well as with a plasmid miniprep kit (Qiagen). DNA was extracted from agarose gels by using a gel extraction kit (Qiagen).
All of the primers used in the present study are described in Table 1 . A forward primer AntiR and a reverse primer 23S23-38 were designed on the basis of the 16S rRNA gene (EMBL accession number Y18496) and the 23S rRNA gene of P. damselae subsp. piscicida (EMBL accession number Y17901), respectively. This pair of oligonucleotides was selected to amplify the complete ITS regions of the four strains studied. PCRs were performed in a DNA thermal cycler (Biometra) by using Taq polymerase (Perkin-Elmer). Additional primers (Table 1) were designed to carry out internal amplifications within the ITS regions described here.
With primers AntiR and 23S23-38, amplification was carried out with denaturation at 95°C for 4 min, followed by 30 cycles at 95°C for 1 min, 55°C for 1 min, and 72°C for 1 min. A final extension step of 5 min at 72°C was also carried out. Internal amplifications with additional primers were similarly carried out, adjusting the annealing temperatures and elongation times as necessary (data not shown).
Cloning of ITS and DNA sequencing. PCR products were cloned by using the TOPO-TA cloning kit (Invitrogen), according to the manufacturer's instructions. Recombinant colonies were picked and grown in 3 ml of Luria-Bertani broth containing ampicillin (50 g/ml), for 12 to 18 h at 37°C. Purified plasmids were cut with EcoRI, and screening of the different insert sizes was carried out with 1% agarose gel electrophoresis. Sequencing reactions were performed by using the Taq DyeDeoxy terminator cycle sequencing kit (ABI) and an ABI 373 automated DNA sequencer. A sequencing primer 16S-3Ј was selected for the 5Ј-end reaction. For the 3Ј-end reaction, 23S23-38 primer was used. Both DNA strands were sequenced to completion.
Direct cloning of ITS regions from the chromosome. Chromosomal DNA of P. damselae subsp. piscicida DI21 was cut with EcoRI and HindIII, and DNA fragments in the range of 1 to 2 kb were extracted from agarose gels, ligated to pUC118 plasmid that had been similarly digested, and transformed in E. coli DH5-␣. Pools of colonies were screened by PCR with the specific primers spa20-15-rev and spa120-end. Nucleotide sequences of positive clones were compared to those previously obtained after PCR amplification.
Data analysis. ITS DNA sequences were aligned by using the programs PILEUP version 8 from Genetics Computing Group (GCG; University of Wisconsin) and CLUSTAL W. Alignment between groups of sequences was adjusted manually by using GENEDOC. To find out conserved regions within the different ITS amplicons and among the different P. damselae strains, programs PRET-TYBOX and GAP (GCG) were also used. The programs STEMLOOP, RE-PEAT, and FINDPATTERNS (GCG) were used to search for repeated sequences. Secondary structure prediction for putative tRNA genes was done by using tRNA-Scan software (21) .
Southern hybridization analysis. Restriction map of P. damselae ribosomal genes and spacer sequences was determined with the MAP program (GCG). A 1,170-bp internal fragment of P. damselae subsp. piscicida DI21 23S rRNA gene was PCR amplified with the specific primers 23S-5Ј-IIII and 23S-3Ј-III and used as a probe. In addition, 16S gene was amplified with the primers PA and PH, the PCR product was cut with BglII, and a fragment corresponding to the first ca. 700 bp of 16S rRNA gene was gel purified and used as a probe.
The chromosomal DNA of the four P. damselae strains used in the present study was digested with BglII and double digested with BglII-PstI and BglIIHindIII. Digestion products were separated on 0.6% agarose gels to enhance the separation of high-molecular-mass bands. Southern blotting was done by using an ECL DNA labeling and detection kit (Amersham) according to the manufacturer's instructions.
EMBL accession numbers. The EMBL accession numbers for the ITS sequences are AJ274375, AJ274376, AJ274377, AJ274378, AJ535842, AJ535843, AJ535844, AJ535845, AJ535846, AJ535847, AJ535848, AJ535849, AJ535850, AJ535851, AJ535852, AJ535853, and AJ535854.
RESULTS
PCR of P. damselae ITS. Strains of P. damselae subsp. piscicida ATCC 29690 and DI21 (26) and P. damselae subsp. damselae ATCC 33539 and RG91 (26) were subjected to 16S-23S ITS region amplification with the primers AntiR and 23S-23-38. A similar pattern for the four P. damselae strains was obtained (data not shown), consisting on a collection of DNA bands with sizes ranging approximately from 650 bp to 1,100 bp. Since primer AntiR starts amplification from position 1223 in the P. damselae 16S rRNA gene, the actual size of the ITS regions is ca. 300 bp shorter than their respective PCR amplicons.
Sequence analysis of ITS. After complete sequence analysis of 119 clones (ATCC 29690, 40 clones; ATCC 33539, 40 clones; DI21, 20 clones; RG91, 19 clones), 17 different ITS amplicon sizes were found, taking together the results for the four strains analyzed. In strain DI21, seven distinct ITS types of 296, 331, 350, 504, 539, 592, 689, and 803 bp were found. For tRNA Val(UAC) , and tRNA Ala(GGC) . One clone of each ITS size was chosen to be shown in the alignments, regardless of the strain from which it was amplified. The four ITS lacking tRNA genes (group 1) all shared the same DNA sequence except for the 3Ј-end region, which showed a mosaic-like structure originated by insertions/deletions of short DNA sequence blocks of sizes ranging from 38 to 8 bp in different combinations (Fig. 1A and 2A) . Each of these (Fig. 1B and 2B) . All of the amplicons showed the same structure except in their 3Ј ends. Combination of short sequence blocks occurred in the same order as in group 1, but a new short DNA block of 38 bp was evidenced in the 588-bp amplicon (Fig. 2B) . The internal region of group 2 ITS sequences did not have homology to the internal sequences of group 1, except for a 120-bp DNA block (region 120) that is present in all of the ITS sequences described in the present study.
Group 3 comprises two ITS sequences containing tRNA Glu and tRNA Ala genes, as well as two ITS that, in addition, contained a tRNA Val gene. Their sizes are 509, 544, 632, and 697 bp, respectively, and their sequence alignment and mosaic structures are represented in Fig. 1C and 2C , respectively. ITS amplicons of 509 and 544 bp, which are found in P. damselae subsp. damselae, contain the tRNA genes for glutamate and alanine (Glu-Ala). In addition, 632-and 697-bp ITS contain the tRNA gene organization Glu-Val-Ala. These two tRNA gene combinations are described here for the first time in bacterial ITS.
Group four comprises ITS amplicons of 592, 611, and 646 bp containing tRNA Glu , tRNA Lys , and tRNA Val as well as an ITS amplicon of 803 bp, which, in addition to the aforementioned three tRNA genes, also harbored a new tRNA Ala(GGC) gene that is different from the tRNA Ala(UGC) gene encountered in other ITS-1 of groups 2 and 3. Comparative alignment and mosaic structure are represented in Fig. 1D and 2C , respectively. The present study represents the first report of the occurrence of tRNA Glu -tRNA Lys -tRNA Val -tRNA Ala genes in ITS of a non-Vibrio species. In addition, it represents the first report on the existence of two different isoacceptor tRNA Ala genes, as well as the first report of an ITS region with genes tRNA Glu -tRNA Val -tRNA Ala (ITS of 632 and 697 bp) in a non-Vibrio species.
Some sequence blocks of ITS described here constitute short inverted repeats. These palindromic regions, which form a hairpin-like secondary structure, may have a function in the formation of stem-loop structures during processing of RNA transcript to produce mature tRNAs (labeled L-1 to L-6 in Fig.  1 ). The so-called region 120 is a 120-bp constant DNA block that is found in all of the ITS sequences described in the present study ( Fig. 1 and 2 ), being highly conserved in its primary structure. The first bases of region120 (TGCTCTTT) show 100% similarity to the so-called boxA sequence of E. coli and other bacterial species. This boxA element plays a role in antitermination of rRNA transcription. 
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Results of internal amplifications. As the number of sequenced PCR clones increased, it became less frequent to find new ITS amplicons for each strain. Thus, internal amplifications with primers whose amplification products can be predicted and interpreted were used to carry out a screening of ITS variants in each strain. PCR products were extracted from agarose gel and directly sequenced. All of the data were in conformity with those obtained previously by sequencing of ITS clones. To summarize all of the results obtained by both the sequencing of clones and the sequencing of products of internal amplifications, all of the different ITS regions sequenced in the present study and their deduced presence in each of the four strains analyzed are presented in Table 2 . No sequence blocks have been found to be strain specific. The four strains examined here shared the same pool of sequence blocks, albeit the order in which they are combined shows inter-and intrasubspecies variation.
Direct cloning and sequencing of ITS from the chromosome. Representatives of ITS regions directly cloned from the chromosome of P. damselae subsp. piscicida DI21 were sequenced and compared to those previously obtained by PCR amplification. Ten analyzed clones were 100% identical to sequences of ITS of 504 and 588 (group 2), 697 (group 3), and 592 bp (group 4) obtained previously by PCR amplification and sequencing. This provided strong evidence that the variability of spacer regions and the combination of sequence blocks and tRNA genes exists in vivo and is not due to PCR artifacts.
Determination of rrn operon copy number by DNA hybridization. A restriction map of the consensus P. damselae rrn operon showing the locations of DNA probes is shown in Fig.  3A . Hybridization with 23S gene probe on BglII-and BglIIPstI-digested DNA yielded a pattern of high-molecular-mass bands (data not shown), which made it difficult to ascertain the copy number. The same DNA blot was hybridized with a 16S gene probe (Fig. 3B) . All of the strains shared a band with a strong hybridization signal that might comprise more than one distinct rrn-containing DNA fragment.
DNA of strains RG91 and ATCC 33539 was digested with HindIII and double digested with HindIII and BglII and then hybridized with 16S gene probe (Fig. 3C) . Bands with double intensity were evidenced, which could comprise more than one rrn-containing DNA band. According to these results, strain DI21 has at least 9 rrn operons and ATCC 29690 has at least 10, whereas RG91 and ATCC 33539 have at least 12. Although the actual rrn copy numbers could not be unambiguously determined, the results suggest that rrn operon numbers vary between strains and subspecies in P. damselae. Altogether, hybridization results demonstrated that the number of ITS versions found for each strain is in accordance with the minimal number of rrn operons deduced after ITS sequencing.
DISCUSSION
Nucleotide sequences of ITS located between 16S and 23S rRNA genes have been successfully used to differentiate closely related bacterial taxa (11, 19, 37) . In our study, we attempted to use ITS sequences in order to obtain information about the variation occurring among P. damselae subspecies and strains. As we demonstrated in previous studies, 16S rRNA gene consensus sequence showed no variation between 19 and 10 subsp. piscicida and subsp. damselae strains analyzed, respectively.
In the present study we selected two strains from each subspecies. Sequencing analysis revealed that genetic diversity exists not only between subspecies but also between strains of the same subspecies. DNA size of P. damselae ITS sequences are similar to those described for ITS regions of other species of family Vibrionaceae. For example, ITS with sizes ranging from 277 to 705 bp have been reported in Vibrio parahaemolyticus (22) .
Sequence alignment of P. damselae ITS revealed a mosaiclike structure. The nucleotide sequence at both ends is conserved between amplicons, which may be due to their involvement in the rRNA processing mechanism. Internal sequence stretches are also conserved, as is the case of box A in region 120, which has a putative role in rRNA-transcription antitermination. However, the rest of the spacer sequence is constituted by a collection of sequence blocks that vary between rrn operons. Modular organization of DNA blocks in a mosaic-like fashion is a characteristic of bacterial intergenic spacer regions (12, 13) and has been reported in Salmonella enterica (29) , Haemophilus influenzae (31), Staphylococcus aureus (10) Vibrio mimicus (5), Vibrio cholerae (5, 18) , and V. parahaemolyticus (22) . Combination of different sequence blocks in a mosaiclike fashion encountered at the 3Ј end of all of the P. damselae spacers is more diverse than in related species. For example, the six different types of ITS that have been reported in V. parahaemolyticus, all share a 180-bp sequence at their 3Ј ends (22) , whereas in P. damselae, only the last 21 bp are conserved in all of the ITS.
The number of tRNA genes coexisting in a bacterial ITS region varies from zero to four. It was in V. cholerae and V. mimicus where tRNA Lys and tRNA Val were first reported to occur in ITS regions of prokaryotes (5) . Later, these same genes were reported in ITS regions of V. parahaemolyticus, as well as the occurrence of four tRNA genes (tRNA Glu , tRNA Lys , tRNA Ala , and tRNA Val ) in an ITS amplicon of that species, which represented the first report in prokaryotes (22) . A database search of V. cholerae complete genome sequence (14) demonstrated that one ribosomal operon of this species also contains the combination tRNA Glu -tRNA Lys -tRNA ValtRNA Ala , which had not been previously found in studies reporting ITS analysis of V. cholerae. Similarly, an EMBL database search of the Vibrio vulnificus complete genome sequence showed the existence of an ITS region with these four tRNA genes. New tRNA-gene combinations occurring in ITS regions of bacteria have been recently described, as is the case of Glu-Ala-Val in V. fluvialis and V. nigripulchritudo and of IleAla-Val in V. proteolyticus (19) . Analysis of P. damselae ITS regions also showed two new tRNA-gene combinations, i.e., Glu-Val-Ala and Glu-Ala which, to the best of our knowledge, have not been previously reported in bacterial ITS regions.
It is feasible that some of the genetic diversity found in P. damselae ITS amplicons was generated from homologous recombination between rRNA gene loci. The largest amplicon (803 bp) may have undergone homologous recombination with other tRNA gene clusters within the genome, via its homology with Glu-, Lys-or Val-tRNA genes, taking a copy of the tRNA Ala(GGC) isoaceptor together with flanking DNA, thus explaining why DNA sequences flanking tRNA Ala(GGC) gene are uniquely found in the 803-bp amplicon. Events of homologous recombination between tRNA genes have been proposed to explain the rearrangement of rrn operons in V. cholerae (18) , and Salmonella enterica (20) .
Similarly, recombination between rrn operons not only may have contributed to the homogenization within the shared sequence blocks (concerted evolution) but also may have facilitated the emergence of some ITS mosaic combinations. For example, all of the ITS sequences containing the Ala-tRNA share a sequence stretch downstream of that tRNA gene (region 52), whereas the upstream sequence of Ala-tRNA may constitute one of three different combinations of tRNAs, i.e., Ile-Ala, Glu-Ala, or Glu-Val-Ala. In this sense, the first half of the 697-bp spacer can be seen as a combination of the first half of the 588-bp spacer, whereas its second half is identical to other spacers of groups 3 and 4.
When one ITS amplicon was found in all of the subspecies and strains analyzed, the nucleotide sequences showed similarity percentages higher than 98%. This means that the main intraspecies evolutionary divergence is due to the rearrange- (34) . All of the ITS alleles described in P. damselae contained at least one of six different inverted repeats. Existence of short inverted repeat sequences, which can form putative stem-loop structures within ITS regions has been reported in bacterial taxa (25) . It is believed that some of these palindromic structures may be related to the genetic events responsible for the insertion/deletion of DNA sequence blocks.
The number of copies of the ribosomal operon may vary from one to as many as 15 (1, 16) . Published ribosomal operon copy numbers in Vibrionaceae species studied thus far vary from at least nine in V. parahaemolyticus (22) to eight in V. cholerae (14) . However, in the recently created rrndb database for rRNA operon copy number (16) (http://rrndb.cme.msu.edu), it is reported that as many as 13 rRNA operons have been encountered in Vibrio natriegens. In our study, the number of ribosomal operons in P. damselae strains varied between at least 9 and 12, but a higher number of copies may exist at least in subsp. damselae strains. The rrn copy number is not necessarily conserved among all of the species of a genus, as has been proved for Streptococcus (3), Streptomyces (2, 30) , and Bacillus (27) spp. Differences in rrn copy number also exist between strains of the same species. For example, Streptococcus thermophilus contains six rrn operons, but some strains have been found with five rrn copies due to a deletion (28) . Similarly, rrn copy numbers of 7, 8, and 9 have been reported in different V. cholerae strains (1) .
In the present study we have shown that the ITS regions of P. damselae consist of constant and variable regions, where combinations of variable regions lead to the existence of 17 different ITS types. However, no specific sequences exist in either of the subspecies. This strongly suggests that recombination and concerted evolution are responsible for the exchange of nucleotide blocks.
